[Abstract] DNA damage repair proteins form foci in response to DNA damaging agents. The efficiency and integrity of the DNA repair pathway of a particular eukaryotic (mutant) strain is usually determined by the number of foci formed compared with their wild-type counterpart. Conventionally, focus number is determined visually, and this low accuracy may obscure the identification of a weaker phenotype, particularly when the output is low. Here, using the homologous recombination protein Rhp54 as an example, we present a protocol that can increase the consistency of foci identification among samples and can significantly improve the efficiency of foci quantification for large sample sizes. A similar method can be applied to other foci-forming proteins.
computer programming (scripts and macros). Second, most of the available software or plugins were developed based on foci formation in mammalian cells, particularly targeting γH2AX foci, and thus might not be suitable for determining foci formation in yeast cells, which are much smaller in size (Böcker and Iliakis, 2006; Jucha et al., 2010; Anderson et al., 2013) . The FociQuant software has been used for foci quantification in yeast with few complications; this is because the protocol focuses on the kinetochore protein, which forms a single distinct focus due to the clustering of centromeres (Ledesma-Fernández and Thorpe, 2015) . However, difficulties arise in the quantification of foci for HR proteins; because DSBs can occur anywhere in the genome, multiple foci can be scattered in the nucleus and in different focal planes. Therefore, we are unable to use pre-existing methods of foci quantification to determine the foci of HR proteins accurately.
To overcome these problems, we employed the Nikon microscope system for image acquisition and NIS-Elements Advance Research software (v5.02) with the Extended Depth of Focus (EDF) plugin and "General Analysis" for image processing and foci analysis, respectively. Similar to other advanced microscope systems, DAPI and GFP Z-stack images are captured in a single file with one mouse-click.
Because the cells exist in a 3D conformation, the EDF function enables the focused image of each plane captured by the Z-stack to be combined into a single, focused image. In this way, foci at different focal planes are included, thereby increasing the accuracy of the quantification. Furthermore, the software enables automated foci quantification by first determining the nucleus via DAPI staining, followed by counting the number of GFP foci in it; this prevents the inclusion of other non-nucleus, GFP noise.
Although the analysis process is automated, the user can manually deselect regions or noise that are incorrectly determined by the software. The control and commands on the software are user-friendly, and the user does not need to have programming knowledge to modify certain quantification steps. In addition, the software is not only suitable for the analysis of images captured by a Nikon microscope but can be used to analyze images taken from other sources through additional steps.
Here, using MMS-dependent activation and foci formation of GFP-tagged Rhp54 as an example, we present an unbiased and precise method for the quantification of foci number formed by Rhp54-GFP in yeast. We have applied this method in recent work (Lim et al., 2018) to count foci number in wild-type and set2-mutant cells following MMS treatment. 3. Add 0.01% of a 99% MMS stock into the cell culture and start timing.
Materials and Reagents
Note: MMS can be substituted with other drugs or treatments that will initiate foci formation.
4. As a negative control for GFP signal, grow a 10 ml wild-type strain without any GFP tagging (WT) to OD600nm 0.5 using the conditions in Step A2.
B. Cell harvesting and fixation 1. Collect 10 ml of cells by passing the culture through the vacuum filtration holder set with glass microfiber filters.
Note: Leave the vacuum pump on for an extra few seconds to ensure most of the liquid is removed.
2. Immediately submerge the cell-containing filter into pre-chilled methanol using forceps. Repeat the process for the other time points.
3. Fix the cells in methanol by leaving them at -80 °C for at least 15 min or up to 2 to 3 weeks.
C. Rehydration of cells
Note: Keep the tubes on ice throughout the whole process of rehydration. paper by repeatedly pipetting the PBS-methanol mixture inside the 15 ml tube over the surface of the filter and then remove the filter disc from the solution with forceps.
Note: Dislodging the cells gently will prevent the generation of excessive fibers, which will cause
unevenness when mounting on a glass slide.
2. Rehydrate the cells by adding 6 ml of ice-cold 1x PBS gradually, i.e., add 1 ml, invert to mix, add another 1 ml and mix.
Note: Do not add all 6 ml at the same time as this may burst the cells.
3. Centrifuge at 1,600 x g for 1 min to collect the cell pellet.
4. Remove the supernatant and transfer the cells to a 1.5 ml microcentrifuge tube with 1 ml of 1x PBS.
5. Wash thrice each with 1 ml ice-cold 1x PBS. (Shannon, 1949) . This is equal to ~14 Z-steps over a total depth of 4 µm.
4.
To avoid photobleaching when running Z-scan, the cells are first focused by viewing the DAPIstained nuclei. Once ready, click the "Run now" button for automated image acquisition. The captured image will be saved to a pre-destined folder automatically.
Note: A new field of view should be observed as the focus plane moves away from the previous photobleached area during the scan in the Z-axis.
5. Capture a sufficient number of images with a total number of cells > 500 per sample. image, click on the "Create EDF Focused Document" button ( Figure 1A) .
Note: The EDF module functions by combining the focused portion in each plane into a single focused image.
2. To standardize the variation in background intensity on the post-EDF image, select "Draw Square Background ROI" and box-up an area without any cells ( Figure 1B) . Select "Subtract Background Using ROI" to remove the background.
3. To enhance the intensity of the GFP foci for easier detection by the software, select from the menu bar: Image > Local Contrast > set to 3 Degrees and with a radius of 0.65 µm. 
Note: Local contrast is a digital image processing step to increase the contrast of the image with respect to local surroundings, aiming to emphasize the details or sharpen an image. The "degree" is the contrast multiplicator or magnitude of contrast amplification. "Radius" is the size of the adjacent area (pixel) to be processed. When the radius value is small, it will make

Open a processed .nd2 image (EDF and background subtraction done, after
Step E4); at the menu bar, select Image > General Analysis.
2. Under the "Analysis Palette" of the General Analysis window ( Figure 3A) , select "Add Channel"
to add both the DAPI and FITC (GFP) channels ( Figure 3B ).
3. To define a parameter for DAPI detection, select DAPI on the left and threshold on the right, and adjust accordingly ( Figures 3A and 3B ). The changes made will show up in real time on the image, as in Figure 3C ; blue signals indicate the DAPI area defined after adjustment of the threshold.
Note: Ensure the "Preview" box is ticked at the bottom of the window to view changes in real-
time. See Note 1.
For FITC (GFP)
, select "Bright Spot Detection" ( Figure 3D , red box on the right; Figure 3E ) and adjust other parameters accordingly until the number of pink spots appearing on the image matches the number of GFP foci observed by eye ( Figure 3F ). See Note 2.
www.bio-protocol.org/e3117 Image shown is the sample image obtained inside NIS-Elements Advance Research software.
Data analysis
1. In the exported Excel sheet, quantify the number of cells according to the number of foci. Step F4, the identified GFP foci were shown as pink dots, and the actual count will be recorded as in Figure 4C . Scale bar: 10 μm.
Notes
The inclusion of non-nuclear DAPI-stained cells in the detection (Step F3).
Suggestion: To ensure higher accuracy and decrease non-specific counting of GFP foci, after the batch run, manually remove the non-specific DAPI-stained area from the counting. A nucleus is defined by the round shape of the DAPI stained area and is usually located in the middle of G2 phase cells or appeared in two, one at each end for mitotic cells. Figure 8A shows an example of nuclei stained with DAPI and other non-specific staining (noise).
a. At the Binary Toolbar, select "delete object", click on DAPI signals that are defined incorrectly by the software (noise) and remove them ( Figure 8B ).
b. Select "auto detect" and click on the area where the nucleus is to be selected ( Figure 8B ).
After modification, at Figure 4B , select "update measurement". to deselect noise and any other incorrectly defined regions. "Auto detect" is to redefine the area of the nucleus (DAPI signal).
2. The foci determined by the software are lower in number than visually observed (Step F4).
Suggestion:
Because GFP intensity varies between sample batches, similar parameters cannot be applied to images taken on different days, even if a similar strain is used. Hence, for every batch of samples, the wild-type is needed for the initial determination of parameters. If the initial GFP intensity is too low, the GFP signal needs to be enhanced further by adjusting the Local Contrast (Step E3) until the software can identify the number of spots seen with the naked eye. Adjust the parameters accordingly in Step F3 ( Figure 3A) , such that the blue signal encompasses the whole cell instead of simply the nucleus. In doing so, the software will quantify the number of foci that are present in the whole cell instead of those in the nucleus only, in subsequent Steps F4-F8. Autoclave and store at room temperature
